The effect of dietary particle size on gastrointestinal transit in carnivores has not been studied and might offer more insight into their digestive physiology. This study evaluated the effect of two dietary particle sizes (fine = 7.8 mm vs. coarse = 13 mm) of chunked day-old chicks on transit parameters in dogs. Six beagle dogs were fed both dietary treatments in a crossover design of 7 days with transit testing on the fifth day.
| INTRODUCTION
Texture is a complex dietary characteristic influenced by several factors such as hardness, viscosity and many others (Chen & Rosenthal, 2015) . Particle size is one such factor that affects dietary texture and might influence digestive physiology. It is known that dietary particle size affects digesta passage in ruminants (Udén, 1988) . In monogastric animals, particle size of plant-derived fibre in the diet can affect gastrointestinal transit times in humans, horses, rabbits, rats, pigs and poultry (Carré, 2000; Ferguson & Harris, 1997; Gidenne, Carré, Segura, Lapanouse, & Gomez, 1991; Heller et al., 1980; Stanogias & Pearce, 1985; Svihus, Hetland, Choct, & Sundby, 2002; Van Weyenberg, Sales, & Janssens, 2006; Vincent et al., 1995) . However, little information exists on the effect of dietary particle size variation on transit times in carnivores. In dogs, the effect of varying texture-although not by particle size but by adding insoluble plant-derived fibre-on gastric emptying and/or total transit time has been studied to some extent.
According to Burrows, Kronfeld, Banta, and Merritt (1982) , the inclusion of cellulose in a canine diet decreases total transit time. By contrast, Pedreira et al. (2013) showed that the inclusion of 10% insoluble fibre (sugarcane fibre) in a dog's diet delayed the gastric emptying and colonic filling time.
Elucidating how dietary particle size influences gastrointestinal passage rate in carnivores might offer more insight into carnivore digestive physiology. It is known-although not well substantiated-that extending gastric emptying time in dogs may help to influence satiety.
Gastric fill and stomach extension followed by a subsequent slowing of gastric emptying (Weber et al., 2007) might be an important mechanism through which dogs get satiated. Pappas, Melendez, and Debas (1989) found that gradual gastric distention caused gradual inhibition of food intake in a non-cholinergic way and that satiety was not influenced by the nutrient content of the food. Given that free-ranging carnivores can be expected to swallow larger chunks of their prey compared to domestic animals fed processed feeds, there might be a general difference in the level of satiety experienced between freeranging and domesticated carnivores.
We want to elucidate how particle size, as a texture-influencing factor, affects gastric emptying time and total transit time in carnivores. For this aim, the dog was used as a model for "a" carnivore. To remain true to the carnivore's natural diet, particle size was varied in a complete animal-based diet (Bosch, Hagen-Plantinga, & Hendriks, 2015; Plantinga, Bosch, & Hendriks, 2011 ) rich in animal fibre (i.e., poorly digestible animal tissues ((glyco)protein-rich matter such as raw bones, tendons, cartilage, skin, hair or feathers)) (Depauw et al., 2013) .
Currently, several methods are available for assessing transit in dogs (Wyse et al., 2003) but not all are equally accurate, non-invasive and practical. Recently, wireless motility capsules that are administered orally and measure pH and temperature throughout the gastrointestinal tract have been used successfully to assess passage rate in dogs (Boillat, Gaschen, Gaschen, Stout, & Hosgood, 2010) . Therefore, transit was monitored using the IntelliCap ® system (Medimetrics, Personalized drug delivery group, the Netherlands) together with the control marker titanium oxide (TiO 2 ).
| MATERIALS AND METHODS

| Animals and housing
Six healthy adult laboratory beagle dogs (Canis lupus familiaris L.) (four females and two males) aged between two and seven years with a body weight between 9 and 14.1 kg and body condition score between 3 and 5 of 9 were housed individually in neighbouring kennels at the Laboratory of Animal Nutrition of Ghent University (Merelbeke, Belgium).
| Experimental design and diets
Experimental procedures were approved by the Ethical Committee of the Faculty of Veterinary Medicine of Ghent University (EC2015/45) following the EU and Belgian Government-established norms and procedures. Dogs were fed two test diets in a crossover design of 7 days with passage rate testing on the fifth day of both periods. The test diets consisted exclusively of chunked day-old chicks (Kiezebrink Putten B.V., Hoge Eng Oost, the Netherlands) and differed only in particle size. The fine diet had a particle size of 7.8 mm whereas the coarse diet had a particle size of 13 mm (KOLBE AW 130 meat mincer; die size fine diet = 7.8 mm; die size coarse diet = 13 mm) (Figure 1 ).
Because of the limited duration of the trial, it was chosen not to adjust the diet for eventual deviations from nutrient requirement guidelines (i.e., minerals and vitamins), in order to keep the intervention simple.
The nutrient composition of the diet is shown in Table 1 . Dry matter (DM) and ash contents were determined by drying to a constant weight at 100°C and combustion at 550°C respectively. Crude protein (6·25 × N) was analysed using the Kjeldahl method (ISO 5983-1, ISO 2005a), and crude fat was analysed according to the Soxhlet method (ISO 1443 , ISO 1973 . Total fibrous matter and insoluble fibre were analysed according to the method of Cools, De Cuyper, Pauwels, and Janssens (2015) . This method is based on the in vitro digestive simulation of Boisen and Fernández (1995) and Hervera, Baucells, Blanch, and Castrillo (2007) and resembles the TDF analysis according to Prosky et al. (1985) with this difference that the fibre fraction obtained includes not only the plant-derived carbohydrate fraction (TDF) but also animal fibre (protein-rich). Amino acids were analysed using the ISO 13903 method (ISO 2005b) .
F I G U R E 1 Chunked day-old chicks Particle size 7.8 mm (a) and 13 mm (b); particles can be lower or exceed the average particle size within a diet which is visible in the depicted caliper measurements
Before the onset of the trial, all dogs were fed with chunked dayold chicks (13 mm) for three weeks. During the first week, the chunked chicks were gradually added to the usual kibble diet (0% to 100% chunked chicks of MER). The following two weeks, dogs were meal fed exclusively with chunked day-old chicks (13 mm) according to their maintenance energy requirements (based on NRC requirements (NRC, 2006) for adult laboratory dogs) to maintain constant bodyweight, which was assessed weekly. Five of the six dogs were willing to consume the diet from the beginning and consumed it within 5 min. One dog was more reluctant whereupon its meal was spread throughout the day. After the adaptation period, the crossover trial was executed with dogs being meal fed every day according to their individual maintenance energy requirements. Each dog always received the same amount of food throughout the crossover experiment so there was no difference in food intake between dietary treatments. The mean food intake (as fed) was 907.1 g day −1 dog −1 (± 348.4 g). All dogs had ad libitum water access.
| Gastric emptying and gastrointestinal passage
On the fifth day of every test period, gastric emptying and gastrointes- where C i is the marker concentration in the interval indicated by time t i (hours after marker administration) and ∆t i = the interval of the concerning sample:
Furthermore, the time of last marker excretion (MaxRT) (<5% of the max. concentration) was registered for every dog and treatment.
Additionally, the ratio MRT/aTTT and MaxRT/aTTT was calculated for both dietary treatments.
| Statistical analysis
Statistical analyses were performed using Superior Performing 
| RESULTS
All dogs remained healthy throughout the study and consumed all provided food every day. The treatment with the IntelliCap system was safe and well tolerated by every dog. All capsules were excreted and recovered intact. On the fifth day of the first testing period when capsules were administered, one dog refused to eat the whole amount of food provided within the limited amount of time (356 g vs. 808 g).
Subsequently, on the fifth day of the second test period, this dog was offered the same diminished amount of food to be able to compare test periods. aGRT, absolute gastric residence time; aSBTT, absolute small bowel transit time; aCTT, absolute colonic transit time; aTTT, absolute total transit time; rGRT, relative gastric residence time; rSBTT, relative small bowel transit time; rCTT, relative colonic transit time; MRT, mean retention time; MaxRT, maximum retention time; n = 6 dogs.
Although aGRT, aCTT and aTTT were numerically lower on the coarse diet, there were no capsule transit time differences between diets (p > .05) ( Table 2 The difference between the diets in the ratio MRT/aTTT tended towards significance (p = .059). The ratio showed higher values (closer to 1) for the coarse diet compared to the fine diet meaning that the MRT lies closer to the aTTT for the coarse diet compared to the fine diet. The MaxRT/aTTT ratio was 0.97 vs. 1.19 for the fine and coarse diet, respectively (p = .17), indicating that on the coarse diet, the capsule tended to be excreted sooner than the last titanium marker.
| DISCUSSION
Overall, dietary particle size did not affect gastric emptying time and did not affect other transit parameters with the exception of MaxRT;
however, dietary particle size appeared to influence how the two marker systems (a powder applied to the diet, or a larger capsule) compared with each other. Therefore, although our data do not indicate major changes in transit parameters, it indicates that the difference in particle size between diet and marker can have a relevant effect on measurements.
| Effects of dietary particle size with constant marker size
| Gastric emptying
Our results show that dietary particle size does not seem to have an effect on gastric emptying time (aGRT). We would have expected the coarse diet to slow down the gastric emptying compared to the fine diet. In humans, Vincent et al. (1995) showed that coarse bran compared to fine bran slowed down gastric emptying, although this concerned fibre particle size and not complete dietary particle size as is the case in our study. In general, the effect of dietary particle size on gastrointestinal transit in carnivores has not been studied. Adding texture to a canine diet-not by increasing particle size but through the inclusion of insoluble fibre (which might unknowingly have lead to the addition of more coarse particles)-delayed gastric emptying (Pedreira et al., 2013) . However, we could not observe this effect in this study where texture was varied through particle size variation.
The main reason probably lies in the particle size difference between the two test diets which was only 5.2 mm and too small to provoke significant differences. Additionally, particle size variation within one diet might have undone the particle size difference between diets (Figure 1) . Unfortunately, no greater difference could be obtained due to limitations of the food processing equipment. It might be that large particles from both diets were retained in the stomach until the interdigestive migratory myoelectric complex (IMMC) occurred as they both exceeded 5 mm of particle size (see below). However, the latter threshold sizes concern non-food indigestible particles which differ 
MaxRT (hrs)
aTTT (hrs) from dietary particle kinetics. Dietary particles that are too large to pass the pylorus will be propulsed back into the stomach and will be reduced in size through mechanical breakdown via repetitive muscular contractions until they are able to pass the pylorus (Martinez & Papich, 2009; Wyse et al., 2003) . Additionally, due to the plasticity and form of food particles, it is still possible that larger particles are "moulded" through the pylorus and thereby react differently than indigestible solids (Carré, 2000) . From this point of view, the fine diet (7.8 mm) still might have left the stomach earlier than the coarse diet (13 mm) although the aGRT was not affected by the diet type.
However, any small difference in aGRT between the fine and coarse diet might have been missed mainly due to the fact that the capsule reacts as an indigestible solid with the aGRT reflecting the time at which the whole solid meal has left the stomach and not the "average" food particle residence time.
| Small bowel transit, colon transit and total transit
Neither of the other capsule-measured transit times (aSBTT, aCTT, aTTT, rSBTT and rCTT) nor the TiO 2 -MRT were affected by dietary particle size. Only the MaxRT was affected by dietary particle size.
The effect of particle size on small bowel transit has hardly been studied. Our results show similar SBTT values (2.5 hr ± 0.56) as found by , that also used a wireless motility capsule to study gastrointestinal transit times in dogs. The SBTT found in this study reflects the typical speed at which the IMMC propulses through the small bowel (Code & Marlett, 1975) and does not show any significant effect of particle size. As aSBTT (in contrast to aGRT and aCTT) was not correlated to aTTT, small intestinal transit appears to be particularly consistent, whereas transit through the other sections of the gastrointestinal tract is subject to more variation.
Additionally, no effect of particle size was seen on the aCTT.
However, colonic transit times tend to show high intra-individual variability ) which was also observed in our study and might be due to the control of defecation by the dog for reasons unrelated to digestive physiology. Therefore, it might be difficult to observe differences in CTT provoked by particle size. Total transit time (aTTT) was not affected by particle size as well which is something we would have expected based on other species.
Van Weyenberg et al. (2006) for example reviewed passage rate in horses and its influencing factors. Whenever feed particle size is reduced, the mean retention time is increased, particularly in the colon.
By adding more texture to horse diets by for example long hay, the passage rate is increased compared to smaller particles in for example pelleted diets. The authors do differentiate between total dietary particle size and fibre length. Reducing the fibre length can shorten the mean retention time in the gut although this can vary according to the fibre source. Similarly as for the aGRT, it might still be that the particle size difference between diets in this study was too small to evoke any difference in aSBTT, aCTT and aTTT. However, the most plausible explanation for the aTTT is the size of the marker. In contrast to the aTTT, the MaxRT did experience a significant effect of diet type, that is particle size with the coarse diet having a longer MaxRT than the fine diet suggesting that the TiO 2 marker was more sensitive than the wireless motility capsule and that the diet might have had some effect on digesta transit.
| Effects of marker size with constant diet
Marker size seemed to influence transit measurements. Our results
showed that within diets, TiO 2 -MRT values and aTTT capsule values were significantly different with the aTTT exceeding the MRT value.
The MaxRT did not significantly differ from aTTT within the fine diet but showed a tendency towards significance within the coarse diet. Clearly, the difference in marker size (i.e., powder vs. large inert capsule) seemed to affect transit parameters, and this was probably mainly at the level of the stomach. In dogs, Itoh, Higuchi, Gardner, and Caldwell (1986) reported that increasing the particle size of inert radio-opaque markers slowed down gastric emptying. Nelson, Jergens, Miles, and Christensen (2001) reported that increasing particle size (of barium impregnated spheres) increased the duration of the time needed to reach a certain percentage of gastric emptying but it also increased the interindividual variability in gastric emptying time.
It is known for dogs that objects of different size-as in non-food accidentally ingested-differ in the time at which they leave stomach. Dressman (1986) reviewed and reported that particles of ≤1.6 mm leave the stomach sooner than the meal, and once particles exceed 2.4 mm, the particles are expelled later than the meal. Martinez and Papich (2009) state that particles ≤2-3 mm should be able to pass the canine pylorus immediately. Others state that the threshold lies at ≤5 mm diameter (Itoh et al., 1986; Wyse et al., 2003) . Once exceeding the previously mentioned diameters, non-food particles are retained in the stomach until the interdigestive migratory myoelectric complex (IMMC) occurs, which propels large particles towards the duodenum (Itoh et al., 1986; Wyse et al., 2003) . Once the stomach is passed, there does not seem to be an effect of marker size on the rest of the transit through the gastrointestinal tract. Also Bruce, Guilford, Hedderley, and McCauley (1999) did not see any difference between the CTTs in dogs of small inert radiopaque polyethylene spheres
(1 mm) and large spheres (5 mm).
In our study, capsule sizes were 11 mm diameter by 26.7 mm long.
Consequently, the capsule was not able to pass the pylorus and will have left the stomach with the IMMC for both diets. By contrast, the powder of the TiO 2 marker will have left the stomach earlier together with the food. Without subdivision in dietary treatments, the MRT (obtained by the TiO 2 marker) however did positively correlate with the aTTT (capsule) (Figure 3 ) although the aTTT was always higher than the MRT. The latter is logical as the MRT represents the mean retention time of the food in the gut (Thielemans et al., 1978) whereas the capsule aTTT represents the transit time of the last food that left the stomach (Martinez & Papich, 2009) . Therefore, the MaxRT is a more comparable measure for aTTT, and indeed the MaxRT was more strongly correlated to the aTTT (R = 0.814 compared to R = 0.617) (Figure 3) . However, the important question might be how the marker size compares to the particle size of the diet fed with that particular marker.
| Difference in particle size between diet and marker
The dietary difference for the ratio MRT/aTTT tended towards significance (p = .059). The MRT/aTTT ratio for the coarse diet was significantly higher and closer to one than the fine diet ratio meaning that the aTTT and MRT were more similar for the coarse than the fine diet. One could speculate that the large particles from the coarse diet resided longer in the stomach (like the capsule) than the particles of the fine diet. The MaxRT/aTTT ratio was 0.97 vs. 1.19 for the fine diet and the coarse diet, respectively, indicating that on the coarse diet, the capsule tended to be even excreted sooner than the last titanium marker. Also, the higher MaxRT of the coarse diet (33.3 hr vs. 30.8 hr) might indicate that some parts of the coarse diet are not passed as fast as the fine diet.
| Biological implications and conclusions
In general, we could not prove any substantial effect of particle size on the transit characteristics obtained by the IntelliCap capsule.
However, MaxRT values obtained through the second marker system (TiO 2 ) differed between diets. The MaxRT difference might not be big enough to cause any physiological consequences but indicates that particle size might affect the mechanics in the gut. One could state that particle size might have been undone due to chewing on the food although this was very unlikely. Wolves, the dog's wild ancestor (Axelsson et al., 2013) , are known to gorge feed (Bosch et al., 2015) and this is a characteristic still to be found in dogs. During this experiment, a similar behaviour was observed with all dogs barely chewing their food. Overall, analyses show that the titanium marker and the capsule differ more on the fine diet and less on the coarse diet. For the coarse diet, it could even happen that the capsule is excreted sooner than the last titanium marker. One could state that for a wild carnivore or a carnivore fed a natural diet (whole prey, coarse), the capsule could be an adequate reflection of how passage happens through the gut.
However, for artificial diets with fine particle sizes and less texture, the capsule might not be a representative marker for the gastrointestinal passage with the passage probably being faster than measured by the capsule.
Although we could only prove a small MaxRT difference between diets (33.3 hr vs. 30.8 hr, coarse and fine diet respectively), there is reason to believe that adding texture to a carnivore's natural diet influences transit time substantially. This might not only be through the factor particle size but even more likely through the addition of animal fibre (i.e., poorly digestible animal tissues [glyco] protein-rich matter such as raw bones, tendons, cartilage, skin, hair or feathers), which might play a more crucial role in guiding digestive processes such as transit time. Depauw et al. (2013) showed that feeding whole rabbit to cheetahs compared to supplemented beef resulted in a lower amount of putrefactive fermentation products and a better faecal consistency. The mechanism underlying the improved gut health was not completely clear, although it was speculated that the presence of more animal fibre in the whole rabbit diet might have influenced gastric emptying, passage rate, motility and absorption. In dogs, it is shown that by the inclusion of plant-derived insoluble fibre in the diet, transit is affected. According to Burrows et al. (1982) , the inclusion of cellulose in a canine diet decreases total transit time. Pedreira et al. (2013) showed that the inclusion of 10% insoluble fibre (sugarcane fibre) in a dog's diet delays the gastric emptying and colonic filling time. It might be that animal fibre exerts similar effects on transit parameter as the plant-derived analog and that through extended gastric fill, satiety is prolonged (Pappas et al., 1989) . However, more research is warranted concerning the effect of texture-by varying the dietary animal fibre content, or maybe equally important, the particle size of animal fibre in the diet-on transit parameters in carnivores.
